ABSTRACT: Relative maturation of peripheral and central regions of the neonatal brainstem was studied using brainstem auditory evoked responses in 174 healthy preterm infants (gestational age 30 -36 wk). From 30-to 42-wk postconceptional age (PCA), I-III and III-V intervals shortened with increasing age. It was difficult to detect any apparent differences in maturational rate between the two intervals. However, III-V/I-III interval ratio decreased with increasing age, indicating that from preterm to term III-V interval shortens more than I-III interval. During term period (37-to 42-wk PCA), I-III interval was similar to term controls, but III-V interval was significantly longer and III-V/I-III interval ratio was significantly greater than controls at 37-to 38-wk PCA and 39 -40 wk PCA and was the same as controls at 41-42 wk. Therefore, from 30-to 42-wk PCA maturation of central regions of the brainstem, reflected by III-V interval, is relatively faster than peripheral regions, reflected by I-III interval which seems to be already more mature than III-V interval before 30 wk. Maturation in central regions in preterm infants is relatively delayed at early term, but "catches-up" later, whereas peripheral regions already reach normal level of maturation at early term. Preterm birth slightly delays early maturation of central brainstem regions. . Previous studies have shown that the immature brainstem can be damaged by various unfavorable perinatal conditions, e.g., hypoxia-ischemia (2). Recent studies revealed that brain structure may be abnormal in preterm infants and preterm birth is associated with regional cerebral tissue reductions (3,4). It remains unclear whether the rate of maturation in the more peripheral and more central regions of the brainstem is equal or different during earlier life and what influence the preterm birth exerts on this maturation. The understanding will help improve the care and management of very young infants, particularly for those who may be at risk of developmental abnormalities.
D
uring the preterm period, there are dramatic developmental changes in the brainstem (1) . Previous studies have shown that the immature brainstem can be damaged by various unfavorable perinatal conditions, e.g., hypoxia-ischemia (2) . Recent studies revealed that brain structure may be abnormal in preterm infants and preterm birth is associated with regional cerebral tissue reductions (3, 4) . It remains unclear whether the rate of maturation in the more peripheral and more central regions of the brainstem is equal or different during earlier life and what influence the preterm birth exerts on this maturation. The understanding will help improve the care and management of very young infants, particularly for those who may be at risk of developmental abnormalities.
In addition to detecting auditory abnormalities, brainstem auditory evoked responses (BAERs) have been used to study functional status and maturation of the, specifically auditory, brainstem (5) (6) (7) . The responses, generating from specific brainstem auditory relay nuclei, are extremely complex and are under multiple inhibiting and facilitating influences from the rest of the CNS. Maturation of the BAER is associated with myelination of axons, formation of central synaptic connections, and axonal diameter and has been found to correlate with maturation of the brainstem, as well as the auditory pathway (8 -10) . During early life, the BAER undergoes tremendous maturational changes, characterized by a shortening of wave latencies and an increase in wave amplitudes of the response (11) (12) (13) (14) . Furthermore, a shortening of the intervals between BAER wave peaks (i.e., interpeak intervals) with increasing age has been well documented.
In BAER wave form, wave I, III, and V, the three major and reliable waves, originate from sequentially activated neurons at successively higher levels of the brainstem auditory pathway (6, 15) . Waves I and II originate exclusively from the eighth nerve, wave III is mainly generated by the neurons in the cochlear nucleus. Wave V is most likely originated by the lateral lemniscus as it enters the inferior colliculus, although the slow negative potential after the peak of wave V is likely to be a dendritic potential of the inferior colliculus. The interval between waves I and V, i.e., I-V interpeak interval, is the most commonly used BAER variable in the assessment of functional status and maturation of the brainstem. This interval comprised two subcomponents or smaller intervals, the earlier subcomponent I-III interval and the later one III-V interval. The I-III interval generally reflects functional status of the more peripheral regions of the auditory brainstem, whereas the III-V interval reflects functional status of the more central regions.
The human brain is known to develop in a caudal-to-rostral, or peripheral-to-central, fashion (16) . The maturation of neuronal function in the more peripheral and more central regions of the brainstem may proceed at different rates at different stages of development. We hypothesize that the rate of maturation in the more peripheral and more central regions of the auditory brainstem is unequal, and the more peripheral regions mature earlier than the more central regions, and that preterm birth may affect the maturational rate. To test the hypotheses, we studied the changes in I-III and III-V intervals and, in particular, III-V/I-III interval ratio, which reflects the relative changes in the two intervals, during the preterm and term periods to detect any differences in the rate of maturation between the two intervals from preterm to term.
The BAER at term age in both preterm and term infants has long been studied. However, little information is available regarding changes in BAER at different stages during the term period [i.e., from 37-to 42-wk postconceptional age (PCA), defined as gestational age plus chronological age]. Thus, this study also examined changes in BAER intervals at different stages during the term period and compared the changes between healthy preterm and term infants to identify any differences.
SUBJECTS AND METHODS

Subjects.
We recruited 174 healthy preterm infants, with a gestational age (GA) 30 -36 (32.3 Ϯ 1.8) wk and birthweight 1255-3250 g (1859 Ϯ 378 g), between April 2003 and September 2007. Apgar scores were 8 -10 at 1 and 5 min. Part of the data obtained at term age from 26 of these infants had been presented before (17) . All infants were judged to be stable in the nursery. None had any perinatal complications or major conditions. Any infant who had documented peripheral auditory impairment was excluded from study entry to avoid any influence of peripheral auditory impairment on measurements of BAER components. All subjects passed our neonatal hearing screening program with distortion product otoacoustic emission. Any infants with poor MLS BAER waveforms due to artifacts were also excluded.
A further group of 56 healthy term infants, with a GA 37-42 wk (39.1 Ϯ 1.2), was recruited as the term controls. The birthweight ranged between 2560 and 4530 g (3465 Ϯ 481 g). Apgar scores were all Ն8 at 5 min. None had any perinatal complications or major conditions. BAER thresholds were all less than 20 dB normal hearing level (nHL, referred to the average thresholds obtained from 20 adults tested under the identical conditions to those used for the babies) at the time of testing.
Study of BAER in the preterm infants during the preterm period and the term controls was carried out on d 2-d 7 after birth. Sixty-five, with a GA 30 -35 wk (32.3 Ϯ 2.1), of the 174 preterm infants were also studied during the term period (37-to 42-wk PCA). No statistically significant differences were found in the PCA between the preterm infants at term (39.3 Ϯ 1.5 wk) and the term controls (39.3 Ϯ 1.3 wk). Based on the PCA at which BAER recording was made, the preterm infants were divided into three age groups, including 30 -32 (n ϭ 55), 33-34 (n ϭ 59), and 35-36 (n ϭ 60) wk. Of these infants, 65 were tested again 37-42 wk.
To detect any differences in these intervals between the two groups of infants at difference stage of the term period, we further divided the term period into three subterm ages, including 37-to 38-wk PCA (n ϭ 23 preterm and 18 term), 39 -40 wk (n ϭ 22 preterm and 20 term), and 41-42 wk (n ϭ 20 preterm and 18 term).
BAER recording and analysis. Ethical approval of the study protocols was obtained from the Central Oxford Research Ethics Committee. Informed consent was obtained from the parents of each infant. BAER was recorded in a quiet room, with the infants lying supine in the cot during the recording. A Bravo Portable Evoked Potential System (Nicolet Biomedical, Madison, WI) was used to record and analyze BAER.
The procedures of BAER recording and analysis were the same as previous described (11, 16) . Briefly, three gold-plated disk electrodes were placed at the middle forehead (ϩ), the ipsilateral (left) earlobe (Ϫ), and the contralateral (right) earlobe (ground). BAER recording commenced soon after the infant fell asleep naturally, usually after a feed. Rarefaction clicks of 100 s, delivered to the left ear through a TDH 39 headphone, were presented in the order of 21/s, 51/s, and 91/s in the first run and in reverse order in the second run. All infants were tested at the intensity of 60 decibel normal hearing level (dB nHL). In those preterm infants who had a threshold of 20 -30 dB nHL the intensity was increased to 70 dB nHL to elicit better waveforms. The averaged brain responses to the click stimuli were amplified and filtered at 100 -3000 Hz. Two thousand forty-eight evoked brain responses were averaged for each trial. Duplicated recordings were made to document the reproducibility.
Measurements of BAER variables were blind to the medical history of each subject. Latencies of waves I, III, and V and interpeak intervals of I-V, I-III, and III-V were measured, and III-V/I-III interval ratio was then calculated (11, 16) . The measurements of two replicated BAER recordings to each stimulus condition were averaged for analysis. All data were analyzed at Ն40 dB above the threshold of each infant (11, 18) . The click intensity above BAER threshold was 48.8 Ϯ 8.1 dB in the preterm infants and 48.6 Ϯ 5.4 dB in the term controls, which did not differ significantly.
Analysis of variance was used to compare between the data at term in the preterm and those in the term controls at the same PCA. Correlation and regression analyses were performed between BAER variables and age in PCA. A one-sample t test of the slopes of interval-PCA functions was performed for each BAER interval to determine whether the slopes of the linear functions were consistently different from zero.
RESULTS
The results described later were those obtained at 21/s clicks, unless otherwise specified (at 51/s and 91/s clicks).
General age-related changes in interpeak intervals between 30-and 42-wk PCA. From 30-to 42-wk PCA, I-V, I-III, and III-V intervals in the preterm infants shortened with increasing age (Figs. 1-3 ). The shortening was more rapidly during the preterm period (30-to 37-wk PCA) than during the term period (37-to 42-wk PCA). No apparent differences were found in the rate of age-related change between the I-III and III-V intervals. With increasing age, the III-V/I-III interval ratio tended to shorten during both the preterm and term periods (from 30-to 42-wk PCA, Fig. 4 ). The I-V, I-III, and III-V intervals and III-V/I-III interval ratio were all correlated significantly and negatively with the PCA (r ϭ Ϫ0.38 to 0.68, all p Ͻ 0.001).
Analysis of regression showed that both intercept and slope of the interval-PCA function were the greatest for I-V interval, second for III-V interval, and the smallest for I-III interval ( Table 1) . As shown by the slope of interval-PCA function, from 30-to 42-wk PCA, the I-V, I-III, and III-V intervals shortened at the rates 0.091, 0.035, and 0.057 ms/wk, respectively, and the III-V/I-III interval ratio decreased at 0.008/wk. The slope of interval-PCA function was significantly greater for III-V than for I-III (p Ͻ 0.01).
To understand the age-related changes in BAER intervals at different developmental stages, we further examined the changes during the preterm and term periods separately.
Age-related changes in interpeak intervals during the preterm period. From 30-to 37-wk PCA, similar to the I-V interval (Fig. 1) , both the I-III and III-V intervals in the preterm infants shortened rapidly, with the rapidest shortening occurring from 30-to 34-wk PCA (Figs. 2 and 3) . These intervals were all correlated significantly and negatively with the PCA (r ϭ Ϫ0.47 to 0.62, all p Ͻ 0.001). Similarly, the III-V/I-III interval ratio decreased with increasing age (Fig.  4) and was correlated significantly and negatively with the PCA (r ϭ Ϫ0.20, p Ͻ 0.01).
The intercept and slope of interval-PCA function were both the greatest for I-V, second for III-V and the smallest for I-III (Table 1 ). The slope of interval-PCA function indicated that I-V, I-III, and III-V intervals shortened at 0.127, 0.051, and 0.077 ms/wk, respectively. The III-V/I-III interval ratio decreased at a rate 0.009/wk. The slope of the III-V interval-PCA function was significantly greater than that of the I-III interval-PCA function (p Ͻ 0.01).
Age-related changes in interpeak intervals during the term period. From 37-to 42-wk PCA, the interpeak intervals in the preterm infants continued to shorten with increasing age (Figs. 1-3 ), but the shortening was much smaller than during the preterm period. The III-V/I-III interval ratio also continued to decrease with increasing age (Fig. 4) . The III-V and I-V intervals were correlated significantly and negatively with the PCA (r ϭ Ϫ0.49 and Ϫ0.47, both p Ͻ 0.001). However, the I-III interval, though also tended to shorten with increasing age, was not correlated significantly with the PCA. The III-V/I-III interval ratio was correlated weakly, but statistically significantly, and negatively with the PCA (r ϭ Ϫ0.27, p Ͻ 0.05).
As indicated by the slope of interval-PCA function in Table  1 , from 37-to 42-wk PCA, the I-V and III-V intervals shortened at a rate of 0.056 and 0.039 ms/wk, whereas the I-III interval did not change significantly with varying age. The III-V/I-III interval ratio decreased at a rate of 0.01/wk.
Comparison of interpeak intervals during the term period between preterm and term infants. From 37-to 42-wk PCA, the I-V interval in the term controls shortened slightly, whereas the I-III and III-V intervals did not show any significantly age-related changes. However, in the preterm infants, the three intervals all shortened with increasing age. The III-V/I-III interval ratio did not show any clear age-related changes in the term controls, but decreased with increasing age in the preterm infants.
In the term controls, the I-V interval was correlated significantly and negatively with the PCA (r ϭ Ϫ0.28, p Ͻ 0.05), but neither the I-III interval nor the III-V interval had a significant correlation with the PCA. The III-V/I-III interval ratio was not correlated with the PCA, either. However, in the preterm infants, both the I-V and III-V intervals were correlated significantly and negatively with the PCA during the term period. This was also the case of the III-V/I-III interval ratio. Only I-III interval was not correlated with the PCA.
Regression analysis revealed that in the term controls the I-III and III-V intervals and III-V/I-III interval ratio did not change systematically with varying age, except the I-V interval, which shortened at 0.031 ms/wk (Table 1) . However, in the preterm infants, with increasing age the I-V and III-V intervals shortened and the III-V/I-III interval ratio decreased (Table 1) . Only the I-III interval did not change systematically with varying age, which was similar to the term controls ( Table 1 ). The slope of the I-V interval-PCA function was significantly steeper in the preterm infants than in the term controls (p Ͻ 0.01).
The measurements of the I-V, I-III, and III-V intervals in the preterm infants were 4.99 Ϯ 0.21, 2.73 Ϯ 0.16, and 2.26 Ϯ 0.13, respectively. None differed significantly from those in the term controls (4.97 Ϯ 0.15, 2.76 Ϯ 0.15, and 2.21 Ϯ 0.12, respectively, for the three intervals). The III-V/I-III interval ratio (0.83 Ϯ 0.07) was greater than in the term controls (0.80 Ϯ 0.07, p Ͻ 0.05).
We further compared the intervals between the preterm and term controls at each of the three subterm ages. The I-V interval in the preterm infants was significantly longer than in the term controls at 37-to 38-wk PCA (p Ͻ 0.05), slightly longer at 39 -40 wk, and approached the term value at 41-to 42-wk PCA. The I-III interval at all 37-38, 39 -40, and 41-42 wk PCA was similar to those in the term controls (Fig.  2) . The III-V interval was significantly longer than in the term controls at 37-to 38-wk PCA (p Ͻ 0.001) remained longer, though less significantly, at 39-to 40-wk PCA (p Ͻ 0.05), and reached the term value at 41-to 42-wk PCA (Fig. 3) . Similarly, the III-V/I-III interval ratio was greater than in the term controls at 37-38 and 39 -40 wk (p Ͻ 0.05 and 0.05), which was mainly due to the longer III-V interval in the preterm infants and almost the same as the term controls at 41-to 42-wk PCA.
Age-related changes at higher rates of click stimuli. At the click rates 51/s and 91/s, the age-related changes in the I-V, I-III, and III-V intervals and the III-V/I-III interval ratio in the preterm infants were generally similar to those obtained at 21/s clicks, with only slight differences (Figs. 1-4) . No apparent differences were seen in the age-related changes between the I-III and III-V interval (Figs. 2 and 3) . The III-V/I-III interval ratio tended to decrease with increasing age during both the preterm and term periods (Fig. 4) . The results of correlation and regression analyses between BAER variables and PCA at 51/s and 91/s were also essentially similar to those at 21/s (Tables 2 and 3) .
DISCUSSION
Age-related relative changes in BAER intervals from preterm to term and the value of III-V/I-III interval ratio in assessing the relative changes. From preterm to term, the I-III and III-V intervals shortened somewhat similarly with increasing age. As previously reported, based on the absolute values it is difficult to accurately compare maturational changes in the two intervals and detect any apparent differences in their rates of maturation (13) . However, the agerelated change in the III-V/I-III interval ratio has made the differences apparent. The decrease in the interval ratio with increasing age implies that from preterm to term the agerelated change in the III-V interval is more than that in the I-III interval.
At term, as a single age group (37-to 42-wk PCA) the I-III and III-V intervals in the preterm infants did not differ significantly from those in the term infants. However, the III-V/I-III interval ratio was significantly greater than in the term infants, suggesting that there are differences in the I-III and III-V intervals between preterm and term infants. The differences are too small to be shown by the absolute values of the two intervals. Therefore, the III-V/I-III interval ratio can detect some differences or abnormalities that cannot be shown by analyzing absolute interval values only.
Despite some slight differences between different rates of clicks, the age-related changes in III-V/I-III interval ratio were basically similar at all rates 21/s, 51/s, and 91/s. Therefore, from preterm to term the relative maturational changes in the I-III and III-V intervals are essentially independent of changing repetition rate of clicks.
Relative maturation of the peripheral and central regions of the brainstem from preterm to term. The possible interpretation of the age-related change in the III-V/I-III interval ratio in preterm infants relies on the assumption of the sites of generation of waves I, III, and V. As often expressed in the literature, the generators of BAER waves are located at moreor-less discrete locations in the auditory nerve (wave I), the more peripheral (cochlear nuclei, wave III) and more central regions of the brainstem (lateral lemniscus and inferior colliculus, wave V) (6, 15) . Neural function in the more peripheral regions of the brainstem is reflected by the I-III interval, whereas the function in the more central regions is reflected by the III-V interval.
The III-V/I-III interval ratio in our preterm infants showed clear age-related changes, suggesting that the rates of maturation in the more peripheral and more central regions of the auditory brainstem are unequal. The decrease in the interval ratio with increasing age implies that age-related change is more significant in the III-V interval than in the I-III interval. It seems that maturation of the more central (or rostral) regions of the brainstem is relatively faster than the more peripheral (or caudal) regions. These findings seem to contradict to the caudal-to-rostral, or peripheral-to-central, fashion of brain development.
Nevertheless, this relatively faster maturation in the more central regions of the brainstem does not necessarily simply imply that the more central regions are more mature than the more peripheral regions during this period studied. It is more likely that before or around 30-wk PCA, the more peripheral regions are already relatively more mature than the more central regions. After 30-wk PCA, further maturation in the more peripheral regions is getting slower, whereas in the more central regions, which is less mature, further maturation becomes relatively faster, as reflected by the decrease in III-V/ I-III interval ratio with increasing age. This process continues up to the end of the term period.
At 37-to 38-wk PCA, the I-III interval in the preterm infants already reached the term value while the III-V interval remained significantly longer than term value. Apparently, even though during the preterm period (30-to 37-wk PCA) maturation in the more central regions of the brainstem is faster than the more peripheral regions, by early term age the more central regions remain relatively less mature than the more peripheral regions.
Taken together, our findings are consistent with our hypothesis that the rate of maturation in the more peripheral and more central regions of the brainstem is unequal and the more peripheral regions mature earlier than the more central regions. This still follows the principle of caudal-to-rostral, or peripheral-to-central, fashion of brain development.
Influence of preterm birth on relative maturation of the peripheral and central regions of the brainstem. Preterm infants are known to be at risk of neurodevelopmental abnormalities (19 -21) . Preterm birth may also affect maturation of evoked potentials, including BAER, although there remain controversies (11,12,17,22-24 ). This study found that the III-V interval in preterm infants is less mature than term infants from 37-to 40-wk PCA, but reaches term value at 41-42 wk. This implies that in preterm infants there is delay in maturation in the more central regions of the brainstem at earlier term age, but this delay "catches-up" at later term age. In contrast, the I-III interval in preterm infants already reaches normal level of maturation at early term age. Apparently, preterm birth and associated perinatal conditions result in a slight maturational delay in the more central regions of brainstem from preterm up to earlier term periods. This is generally consistent with our second hypothesis that preterm birth affects the rate of maturation of the brainstem. Nevertheless, the more peripheral regions are not significantly affected by preterm birth.
Similar to previous findings (7, 11, 12, 17) , when our data obtained between 37-and 42-wk PCA were pooled together as a single age group, there was no significant difference in the I-V interval between the preterm and term infants. However, when the term period was divided into three subterm ages, differences appeared between the preterm and term infants. The I-V interval in the preterm infants was significantly longer than in the term infants at the earliest term age (37-to 38-wk PCA), although the difference disappeared later (39-to 42-wk PCA). The III-V intervals were significantly longer than in the term infants at the earliest and mid term ages (37-to 40-wk PCA), and reached the term value at the latest term age (41-to 42-wk PCA). In contrast, the I-III interval was similar to that in the term infants throughout the term period (37-to 42-wk PCA).
In conclusion, this study revealed some differences in the rate of maturation between I-III and III-V intervals during the preterm and term periods. In preterm infants, BAER reaches term value at 37-to 38-wk PCA for I-III interval, 39-to 40-wk PCA for I-V interval, and 41-to 42-wk PCA for III-V interval. The III-V/I-III interval ratio helps detect and localize abnormalities in the more peripheral or more central regions of the brainstem.
Our results suggest that from 30-to 42-wk PCA maturation in the more central regions of the brainstem is faster than the more peripheral regions whereas the more peripheral regions is more mature than the more central regions before or around 30-wk PCA. Preterm birth slightly delays early maturation of the more central regions of the brainstem, with no appreciable effect on the more peripheral regions. The delayed maturation "catches up" and reaches the maturational status in term infants by later term age.
